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Cellulose consists of linear chains of β-1,4-linked glucose units, which are synthesized by the cellulose synthase complex (CSC). In plants, these chains associate in an ordered manner to form the cellulose microfibrils. Both the CSC and the local environment in which the individual chains coalesce to form the cellulose microfibril determine the structure and the unique physical properties of the microfibril. There are several recent reviews that cover many aspects of cellulose biosynthesis, which include trafficking of the complex to the plasma membrane and the relationship between the movement of the CSC and the underlying cortical microtubules (Bringmann et 2016 . 07.007)). In this review, we will focus on recent advances in cellulose biosynthesis in plants, with an emphasis on our current understanding of the structure of individual catalytic subunits together with the local membrane environment where cellulose synthesis occurs. We will attempt to relate this information to our current knowledge of the structure of the cellulose microfibril and propose a model in which variations in the structure of the CSC have important implications for the structure of the cellulose microfibril produced.
This article is part of a discussion meeting issue 'New horizons for cellulose nanotechnology'. plant cellulose microfibril [1] [2] [3] [4] . In this review, we will focus only on their conclusions regarding the structure of the cellulose microfibril (figure 1). For a more detailed discussion of cellulose microfibril structure, readers are referred to the accompanying paper in this issue [5] . Newman et al. [2] applied wide-angle X-ray scattering (WAXS) and solid-state nuclear magnetic resonance (ssNMR) to study mung bean primary cell walls and concluded that two major models of microfibril structure are a good fit for the experimental data: either an 18-chain microfibril that exhibits significant lateral association or a mixture of 24-chain microfibrils with little lateral association (figure 1). A study on celery collenchyma cells compared small-angle scattering of both X-rays and neutrons as well as the accessibility of surface chains to deuterium exchange and found direct evidence for the non-covalent lateral association of cellulose microfibrils [3] . It is not possible, however, to quantify the degree of lateral association, making a definitive decision on the structure difficult. Fernandes et al. [1] studying spruce xylem favoured a 24-chain model, but could not exclude an 18-chain microfibril if either lateral association of microfibrils is significant or tight binding of hemicellulose to the cellulose microfibril occurred. While a 24-chain cellulose microfibril model is the best fit to the data derived from ssNMR analysis [4] , presumably the same uncertainty regarding lateral association and/or tight hemicellulose binding may also apply. Consequently, while no definitive answer may be available, there is agreement among several recent studies that a microfibril contains between 18 and 24 individual cellulose chains. All of the physical methods mentioned above measure the microfibrils as they are found in the cell wall rather than an individual product of the CSC. Consequently, knowing the degree of association between microfibrils is an essential component of obtaining more accurate estimates. A means of estimating the degree of microfibril association, or bundling, has come from a recent study using atomic force microscopy (AFM) on native hydrated cell walls [6] . The study found a microfibril of 3.5 nm diameter, compatible with an 18-or 24-chain model. Moreover, Zhang et al. [6] were able to estimate that approximately two-thirds of microfibrils were localized in bundles. These AFM measurements were derived from onion epidermal cell walls and may not be directly applicable to other plant material. However, more detailed measurement of bundling from AFM coupled with physical measurement of cellulose structure on the same material may represent a means of further improving our understanding of microfibril size and structure. For three of the four studies outlined in figure 1 , the best-fit structure is represented as a single structure. In contrast, the model proposed by Newman et al. [2] is based upon a collection of different models that all contain the same numbers of chains but have very different shapes when viewed in cross section ( figure 1 ). Consequently, it should be borne in mind that, while an average structure may be represented and the number of cellulose chains may not vary, it is unclear to what extent there may be variation between the structure of individual microfibrils or even different parts of the same microfibril.
Structure of the plant cellulose microfibril

An overview of plant cellulose synthesis
In plants, cellulose is synthesized at the plasma membrane by a large membrane-bound complex, known as the cellulose synthase complex (CSC), which moves through the plane of the plasma membrane as it synthesizes a cellulose microfibril. While it had been postulated for many years that cortical microtubules guide the movement of the CSC, this was finally confirmed by live cell imaging [7] . The exact relationship between the cortical microtubules and the movement of the CSC is more complex however, since, while the majority of CSCs track microtubules, a substantial minority do not [8] . A protein known as cellulose synthase interacting protein (CSI) is important for tethering the CSC to the underlying cortical microtubules, and mutants in this protein reduce the co-localization of the CSC with cortical microtubules [9, 10] . The cellulose-microtubule uncoupling proteins (CMUs) are required for the linear movement of the CSC through the plasma membrane [11] (see below). These proteins, as well as other essential components required for trafficking of the CSC to the plasma membrane, have all been covered in recent reviews [12] [13] [14] .
Since their initial description, it has become clear that the so-called CESA (cellulose synthase) proteins are the catalytic subunits of the CSC [15, 16] . Many outstanding questions were resolved when the crystal structure of the bacterial cellulose synthase (BCSA) from Rhodobacter was published. A single bacterial protein both catalyses the synthesis of the individual chains and provides a pore that allows the growing chain to pass through the membrane [17] . Modelling studies based on the structure of a variety of characterized glycosyltransferases suggest that plant CESAs are likely to work in a very similar manner to their bacterial counterparts [18] . A single plant CESA protein was also demonstrated to be sufficient to catalyse cellulose synthesis when purified CESA8 from hybrid aspen, heterologously expressed in Pichia, was able to synthesize linear chains of β-1,4-glucose [19] . The authors were also able to use electron microscopy and negative staining to see fibrillar structures that are assumed to be the association of individual cellulose chains. Moreover, the microfibrils synthesized by the proteoliposomes bearing PttCESA8 were able to coalesce into larger macrofibrils [20] . Assuming that during cellulose synthesis individual CESA proteins are active most of the time, the number of CESA proteins should correspond to the number of chains in a cellulose microfibril. To date, it has not been possible to purify an intact and functional CSC. Consequently, there is neither a definitive structure of the CSC nor an accurate estimate of the molecular weight of the complex. As a consequence, the ratio of CESA proteins to other proteins known to be involved in cellulose synthesis, such as the putative endoglucanase KORRIGAN [21, 22] , is currently unknown. 
Biochemical analysis of CESA stoichiometry
Understanding the stoichiometry of different CESA proteins has important implications for the organization of the CSC and constraints on the number of CESA proteins within it. Two independent studies suggest that three different CESA proteins exist in a 1 : 1 : 1 stoichiometry. One study examined CESA protein expression at different points along the length of the inflorescence stem [23] . However, during the early stages of stem development, when secondary cell wall biosynthesis is occurring, CESA protein stoichiometry appears to vary considerably from the 1 : 1 : 1 ratio. A 1 : 1 : 1 stoichiometry among CESA proteins was also found in an independent study of the primary cell wall CESA proteins, where co-precipitation and quantitative mass spectroscopy were used to measure the relative abundance of different CESA proteins [24] . Since CESA proteins of the primary and secondary cell wall may have evolved independently [25] [26] [27] [28] , there is no a priori reason to think that they must have the same stoichiometry. Considering that both of these studies reached the same conclusion, however, and taking into account other data described below, a 1 : 1 : 1 stoichiometry among different CESA proteins appears to be the most likely situation.
Problems associated with purification of CESA proteins from plants have limited biochemical analysis of intact CSCs. In one of the few studies performed, plants were engineered to introduce two different CESA7 proteins that were each tagged with different epitopes. By using a purification strategy that involved using both tags, only CESA protein dimers or larger oligomers were purified [29] . Analysis of the products on native gels suggested that the majority of the protein existed as dimers and their higher-order oligomers, such as tetramers or hexamers. Analysis of the size of CESA protein complex, when one of the other two cesa proteins is mutated, suggests that nothing larger than a dimer accumulates [29] . Although CESA protein dimerization is also supported by studies on heterologously expressed rice CESA8 catalytic domain (see below), it is hard to reconcile dimerization with a CSC that synthesizes only 18 chains and has 1 : 1 : 1 stoichiometry for the three different CESA proteins, although it would be compatible with a CSC containing 24 CESA proteins. As accurate size is hard to predict from native gels, while the CESA proteins appear as dimers [29] , it is possible these could in fact be trimers that represent one lobe of the CSC.
Insights from structural and modelling studies on CESA protein organization
One clear feature of the CESA proteins is their large size compared to their bacterial counterparts or indeed to other related plant proteins that also make linear chains of β-1,4-linked glucans, for example CSLC, a related processive glucosyltransferase, which synthesizes the β-1,4-linked glucose backbone of xyloglucan [30] (figure 2). Notably, plant CESA proteins contain two regions found within the catalytic domain. The domains are known as the plant-conserved region (P-CR), which is highly conserved among all plant CESA proteins, and the class-specific region (CSR), which is highly variable among different plant CESAs from the same species, but similar to homologous CESA from other species (figure 2) [31] .
Sethaphong et al. [18] used 20 previously solved structures as templates to model the structure of the catalytic domain of the GhCESA1 (Gh506). Among the top hits were bacterial proteins SpsA and K4CP that have been extensively used to examine the molecular basis for catalysis and substrate recognition of glycosyltransferases. Publication of BCSA structure [17] and its broad similarities with the Gh506 structure provides confidence in the portions of the predicted Gh506 structure. However, since the 20 templates used for predicting the Gh506 structure as well as the BCSA lack the P-CR and CSR motifs, the same confidence could not be placed in the accurate prediction of the structure of these motifs. Indeed, a low-resolution solution state structure of Arabidopsis CESA1 catalytic domain, AtCESA1CatD [32] , superimposed onto Gh506 confirms the broad similarities between the two structures. However, there were differences in the structures of P-CR and CSR regions [32] . The authors could not conclude whether these differences were because of the species differences or the technical limitations of the methods used in the two studies.
More recently, a molecular structure has been solved for the P-CR region of rice CESA8 [33] . The protein backbone of the P-CR forms an elongated loop with two large helices contacting one another. Docking of this structure onto the structure of the catalytic domain derived from SAXS finds that the best-fit models place the base of the P-CR near the opening to the catalytic site [33] , a position that is not easy to reconcile with that proposed for the AtCESA1Cat trimer [32] . These apparent differences in structures predicted from rice CESA8 and Arabidopsis CESA1 may reflect a real difference in the structure of the central catalytic domain between these two different CESA proteins. However, given the sequence similarities and that they are both likely to be associated into complexes that exhibit the same rosette structures, an entirely different organization seems unlikely.
CESA1 association into a trimer [32] may easily be reconciled with a CSC containing 18 CESA proteins in which the lobes of the CSC are composed of homotrimers of three different CESA proteins (figure 3a). As the authors point out, however, the homotrimers generated may be a consequence of the fact that only one CESA subunit is being used and may not reflect the situation in vivo where three different CESA isoforms that may form heterotrimers are being coexpressed ( figure 3a) . The same criticism also applies to the study on OsCESA8Cat, which appears to associate to form a dimer [35] . This would suggest that there is sufficient uncertainty and contradictory data that, by itself, this work does not provide an unambiguous answer regarding CESA organization. It is likely that these issues will only be resolved with the availability of higher-resolution structures of either a complete CESA protein or the entire CSC.
Direct visualization of the cellulose synthase complex using electron microscopy
The large size of the CSC should make it directly visible using transmission electron microscopy (TEM). However, to date, there are no such reports despite the fact that these complexes are concentrated in the plasma membrane at sites marked by cortical microtubules. Despite using a wide variety of different methodologies, including high-pressure freezing and freeze substitution, which both exhibit excellent preservations of cortical microtubules, direct visualization of the CSC remains elusive. The reasons for this lack of visibility using conventional TEM are unclear. Consequently, direct visualization of the CSC requires freeze fracture of the plasma membrane followed by coating of the fracture surfaces to form a replica that is subsequently visualized by TEM. Using this approach, the membrane spanning part of the CSC may be visualized as a six-lobed structure, frequently referred to as a rosette. A recent study has carefully detailed the structure of a large number of CSCs and made a number of important observations [34] . Firstly, there appears to be a large variation in the structure of individual rosettes (figure 3b). Secondly, most lobes of the rosette are classified as triangular. Finally, the position of the lobes within a rosette frequently exhibits large variation. The authors conclude that CESA proteins within a lobe bind together more tightly than the lobes are bound to each other and conclude that lobes may represent the basic unit of the CSC [34] . The authors have used existing models of CESA proteins to fit the predicted CESA protein structure into a lobe structure enhanced by averaging. The best fit was obtained with three CESA proteins per lobe. While this study adds further support to the model of a CSC composed of six CESA trimers, the approach depends on fitting a structure that is itself only a model (see above). Furthermore, freeze fracture shows only the membrane spanning portion of the CSC and it is unclear what contribution the non-CESA proteins in the CSC add to the rosette structure observed. For example, the authors point out that the endonuclease KORRIGAN is a membrane protein essential for cellulose synthesis that binds to CESA proteins, yet the contribution it may make to the rosette structure observed is unknown [34] . Intriguing questions that arise from this study are how the large variation (diameter ranging from 20 to 29 nm) in rosette structure arises and what consequences this variation may have? The authors suggest that different structures may represent different activation states of the protein.
Even if true, this explanation is likely to account for only a few different protein structures and is unlikely to account for rosette structures in which the symmetrical lobe structure is lost ( figure 3b ). An alternative speculative explanation is that variation in rosette structure arises as a consequence of cellulose synthesis. It is likely that, as the CSC moves through the plane of the plasma membrane, there will be variation in the rate at which different CESAs are producing individual cellulose chains. In some cases, this stochastic variation in the rate of individual chain growth between or even within lobes may cause tension that is manifested as altered rosette structures in which the position of individual lobes within the CSC become altered (figure 3c).
The role of the membrane environment
One of the unique aspects of cellulose synthesis in plants is the manner in which the CSC is able to move through the plasma membrane as it synthesizes cellulose. Biophysical models of this process suggest that the movement of the CSC may cause large localized distortions to the plane of the plasma membrane [36] . As with the CSC itself, however, any membrane distortions associated with cellulose synthesis are not apparent in TEM of thin sections. While this may be a consequence of imperfect preservation, it is also possible that the plasma membrane in the region of cellulose synthesis has an unusual composition that results in localized stiffening of the membrane. Direct evidence for the forces caused by the CSC come from recent studies on the CMU protein. This protein helps attach microtubules to the plasma membrane, keeping them straight as the CSC moves along them. In cmu mutants, the microtubules can appear wavy. If the connection between the CSC and microtubules is uncoupled, such as in csi mutants, this alteration in microtubule organization is rectified, clearly demonstrating that the CSC moves with sufficient force to alter the organization of the underlying cortical microtubules if they are not well anchored [11] . It is also possible that plasma membrane proteins that are able to attach to cell wall components, such as polysaccharides or structural proteins, may also contribute towards prevention of localized distortion of the plasma membrane.
The importance of sterols in cellulose biosynthesis initially arose from a study in which sitosterol glucosides were suggested to act as primer for cellulose synthesis [37] . There has been little evidence to support this role, however, and neither bacterial cellulose synthesis nor cellulose synthesis in vitro from heterologously expressed hybrid aspen CESA8 requires a sitosterol glucoside primer [17, 19] . Furthermore, studies on Arabidopsis sterol-deficient mutants suggest that, while these mutants are cellulose-deficient, there is no correlation between the decrease in cellulose and the decrease in sitosterol glucosides [38] . Other studies designed to manipulate the level of sitosterol glucosides have also failed to provide any definitive evidence for requirement for these molecules as a primer for cellulose synthesis [39] .
If sterols are not required as a primer for cellulose synthesis, then an alternative role for sterols in cellulose biosynthesis may be more directly in forming membrane partitions. A role of membrane partitions is also consistent with recent work on CESA proteins in Arabidopsis that shows these proteins to be extensively modified by the addition of acyl groups to several cysteine residues in the protein [40] . In plants, the acyl group added appears to be either stearate or palmitate and during secondary cell wall biosynthesis each CESA protein is, on average, likely to contain six acyl groups. Consequently, the entire complex is estimated to contain more than 100 acyl groups [40] . The addition of these fatty acid groups is likely to have a large impact on the hydrophobicity of the entire complex. In mammalian cells, the presence of S-acylation is considered sufficient to cause partitioning into sterol-rich membrane microdomains [41, 42] . In the case of the large number of acyl groups on the CSC, it is likely this may also contribute to driving membrane partitioning and would explain the importance of sterols in cellulose biosynthesis.
Further evidence for a role of lipid microdomains in cellulose synthesis has come from studies on sphingolipids that are enriched in sterol-rich membrane microdomains. Plants with mutations in a specific Golgi-localized glycosyltransferase are unable to synthesize various glycosylinositol phosphorylceramides (GIPCs), a class of glycosylated sphingolipids, and also exhibit a specific decrease in cellulose biosynthesis [43] . The mechanism underlying this observation is unclear, but the GIPCs may interact specifically with components required to make cellulose or more indirectly affect the plasma membrane properties and/or interactions between the plasma membrane and the cell wall. It does, however, lend further support to the role of membrane partitioning in cellulose synthesis. Given that the plasma membrane is known to be crowded with membrane proteins, a role for membrane partitioning would provide a means of allowing the CSC to move through the plasma membrane in a relatively unimpeded manner.
Given the importance of the membrane environment for cellulose synthesis, it increases the number of genes that are likely to affect cellulose biosynthesis. Recently, STELLO, a Golgilocalized putative glycosyltransferase, was identified as being important for cellulose synthesis [44] . While this may act to modify proteins involved in cellulose synthesis, it may also be involved in glycolipid biosynthesis or in other processes that directly or indirectly affect plasma membrane composition.
7. Can heterogeneity in the cellulose synthase complex structure contribute to the variation in cellulose microfibril structure and organization
Freeze fracture TEM studies on the structure of the CSC in the plasma membrane appear to show considerable variation in structure of the CSC [34] . Furthermore, a study of microfibril structure in mung bean suggests that a model composed of many different microfibril structures is a best fit for the data [2] . It is not possible to say to what extent these different structures may exist; however, it is possible that variation in the structure of the CSC may favour formation of alternative forms of the microfibril. The transition from one structure to another could lead to localized decreases in order. In more extreme conditions, for example where the symmetrical organization of the lobes is lost, the result could be even more extensive disorder of the microfibril ( figure 3 ). While this represents pure speculation, it does at least lead to a testable hypothesis. In particular, mutants that lead to decreased cellulose crystallinity are a result of more disorganized CSC structures. There are several mutants available in both CESA proteins or in an associated protein, such as KOR, that result in decreased cellulose crystallinity [45, 46] . If decreased crystallinity is correlated with increased variation in CSC structure, this should be apparent in these mutants.
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